ABSTRACT
Although progress has been made developing antiviral therapeutics and vaccines against the highly pathogenic Ebola virus (EBOV), the cellular mechanisms involved in EBOV infection are still largely unknown. To better understand these intracellular events, we investigated the cellular stress response, an antiviral pathway manipulated by many viruses. We show that EBOV does not induce formation of stress granules (SGs) in infected cells and is therefore unrestricted by their concomitant translational arrest. We identified SG proteins sequestered within viral inclusions, which did not impair protein translation. We further show that EBOV is unable to block SG formation triggered by exogenous stress early in infection. These findings provide insight into potential targets of therapeutic intervention. Additionally, we identified a novel function of the interferon antagonist VP35, which is able to disrupt SG formation. E bola virus (EBOV) causes a severe disease in humans characterized by significant immune dysfunction and high levels of viremia, leading to extraordinarily high case fatality rates (1, 2) . As a member of the filovirus family, EBOV belongs to the order Mononegavirales and possesses a nonsegmented negative-sense (NNS) RNA genome that is roughly 19 kb and contains seven genes. EBOV genome replication and transcription take place in the cytoplasm of infected cells, where both the viral genome and the replication intermediate, the antigenome, associate with a number of viral proteins to form ribonucleoprotein (RNP) complexes, or nucleocapsids (3, 4) . These complexes include the nucleoprotein NP, which packages the viral RNA, the polymerase L, the polymerase cofactor VP35, the transcription enhancer VP30, and the minor matrix protein VP24 (4) (5) (6) (7) (8) (9) . Within the cytoplasm, the nucleocapsids aggregate into highly ordered structures, termed viral inclusions, which are the sites of viral genome replication, nucleocapsid assembly, and maturation (10) (11) (12) (13) . The first morphological sign of EBOV replication is the formation of granular material in close proximity to the endoplasmic reticulum (ER) at about 9 h postinfection (p.i.), as observed by electron microscopy (14) . Eventually, tubular structures appear in this granular material, representing the newly synthesized nucleocap-sids that assemble into small inclusions (10, (14) (15) (16) . At later stages of infection, the inclusions fuse together to become larger and more irregularly shaped, but they remain dynamic structures (10) .
While type I interferons (IFNs) and cytoplasmic pattern recognition receptors are thought of as prototypical components of the host innate antiviral response, the cellular stress response is becoming increasingly appreciated as an important antiviral strategy. Central to this response is the rapid repression of cellular translation in order to prioritize the production of proteins important for cell survival. This translational arrest is mediated by the phosphorylation of the ␣ subunit of eukaryotic translation initiation factor 2 (eIF2␣) by one of four cytoplasmic kinases that sense distinct types of environmental stress (17) . Most important for the response to viral infection is protein kinase R (PKR), which senses double-stranded RNA (dsRNA) and also serves as a critical component of type I IFN production (18) (19) (20) . Additionally, heme-regulated inhibitor kinase (HRI) senses oxidative stress, PKR-like endoplasmic reticulum kinase (PERK) monitors ER stress, and general control nonderepressible 2 (GCN2) responds to nutrient deprivation. Phosphorylation of eIF2␣ prevents the assembly of the ternary preinitiation complex, which is required to bring tRNA met to the 40S ribosomal subunit. The nontranslating mRNAs and associated RNA-binding proteins remain bound to the stalled preinitiation complexes and further assemble into cytoplasmic stress granules (SGs) (21) (22) (23) . SGs are highly dynamic mRNA-protein aggregates and are comprised of a variety of components that can vary depending on the environmental conditions (24, 25) . The continuous cycling of components into and out of SGs limits their examination to predominantly microscopy or immunofluorescence (IF)-based techniques. However, in addition to mRNA and the small ribosomal subunit, a number of SG proteins are thought to be consistent across all SG types and are therefore considered canonical SG components. These include the SG proteins eukaryotic translation initiation factor 4 gamma (eIF4G), Ras GTPase-activating protein-binding protein 1 (G3BP1), and T-cell-restricted intracellular antigen 1 (TIA-1) (21, 26) .
Because viral protein synthesis relies on the host translation machinery, translational arrest mediated by SG formation is an efficient strategy for inhibiting viral replication, and consequently, many viruses have evolved mechanisms to overcome this block (27) (28) (29) . Common strategies employed by viruses to disrupt SG formation include the degradation or sequestration of key SG nucleation proteins such as G3BP1 or TIA-1 (30) (31) (32) (33) or the suppression of PKR activation (34, 35) .
During EBOV infection, the virus employs a number of immune evasion strategies, many of which are mediated by the multifunctional protein VP35. In addition to its role as a nucleocapsid component and polymerase cofactor, VP35 counteracts type I interferon induction (36) (37) (38) (39) (40) (41) (42) (43) (44) , blocks RNA interference pathways (45, 46) , and antagonizes the activation of the dsRNA sensor PKR (47, 48) . The inhibitory effects of VP35 on PKR, and thus on eIF2␣ phosphorylation, were observed late in infection (1 day p.i.), when viral protein expression in the infected cells was presumably high (49) . Therefore, it is conceivable that PKR might be activated early in infection by incoming EBOV particles or viral transcripts, when the amount of VP35 is still low, and consequently lead to eIF2␣ phosphorylation and SG formation. This has been observed for poliovirus, which induces SG formation early in infection, before the viral protease 3C is expressed at sufficient levels to cleave G3BP, but then blocks it as infection progresses (32, 50) . While many viruses have been shown to disrupt SG formation at various points during infection via diverse mechanisms, little is known about the dynamics of the stress response in EBOV infection.
Here, we show that EBOV infection does not trigger eIF2␣ phosphorylation or SG formation at any time postinfection. However, SG proteins are sequestered within viral inclusions, where they colocalize with viral mRNA and form distinct granules. Despite this sequestration of SG proteins, EBOV infection only partially blocks SG formation induced by the activation of other eIF2␣ kinases. Importantly, we identified a novel function for VP35, showing that it not only prevents SG formation by blocking PKR activation but also disrupts SG formation independently of eIF2␣ phosphorylation and dsRNA binding. We propose that this might contribute to the inhibition of SG formation during late stages of infection.
MATERIALS AND METHODS

Cells and viruses.
Cell lines used in this study include African green monkey kidney cells (Vero and Vero E6; ATCC CRL-1586), human epithelial osteosarcoma cells (U2OS; ATCC HTB-96), human hepatocellular carcinoma cells (Huh7, kindly provided by J. Alonso, Texas Biomedical Research Institute, San Antonio, TX), and HeLa cells (ATCC CCL-2). We also used U2OS cells expressing G3BP1 fused to green fluorescent protein (GFP) (51) and a tetracycline-and doxycycline-inducible U2OS cell line expressing USP10 fused to GFP (52) . Cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (50 U/ml), and streptomycin (50 mg/ml). Twenty-four hours prior to infection, U2OS-GFP-USP10 cells were treated with 200 ng/ml of doxycycline to induce USP10 expression.
Zaire ebolavirus (EBOV) isolates Kikwit 1995 (GenBank accession number KR867676.1) and Mayinga (GenBank accession number AF086833.2) were grown in Vero or Vero E6 cells, and virus titers were determined by 50% tissue culture infective dose (TCID 50 Plasmids and transfections. EBOV genes encoding NP, VP35, VP30, or VP24 (Mayinga isolate; GenBank accession number AF086833.2) were cloned into either of the pcDNA3.1 and pCAGGS expression vectors (53) as described previously (5, 48, 54) . VP35 was also fused to an N-terminal hemagglutinin (HA) epitope tag. The previously described VP35-3A mutant contains the following mutations: R305A, K309A, and R312A (48) . Transfections were performed using Lipofectamine LTX transfection reagent (Invitrogen).
IF analysis. A total of 2.5 ϫ 10 4 U2OS or U2OS-GFP-G3BP1 cells were seeded per well of an 8-well chamber slide and 1 day later infected with EBOV at a multiplicity of infection (MOI) of 1 or 1.5 PFU or TCID 50 units per cell. At the desired time points p.i., cells were inactivated and fixed by treatment with 4% paraformaldehyde (PFA) for 48 h. Cells were permeabilized with 0.1% Triton X-100 for 5 to 8 min at room temperature, treated with 0.1 M glycine for 5 min at room temperature, and incubated in blocking solution (2% bovine serum albumin [BSA], 0.2% Tween 20, 3% glycerol, and 0.05% sodium azide in phosphate-buffered saline [PBS]) for 10 min at room temperature. All antibodies were diluted in blocking solution. Primary antibodies were incubated for a minimum of 1 h at room temperature or overnight at 4°C. Antibodies used for the detection of EBOV proteins include a mouse monoclonal anti-NP antibody (kindly provided by G. G. Olinger, USAMRIID, Frederick, MD), a rabbit anti-VP30 antibody (kindly provided by V. E. Volchkov, Université de Lyon, Lyon, France), a mouse monoclonal anti-VP35 anti-body (kindly provided by C. F. Basler Induction of stress granules. For the induction of stress granules, cells were treated with 0.5 to 2 mM sodium arsenite (Ars) for 30 min at 37°C and fixed in 4% PFA. For infection experiments, cell supernatants were replaced with fresh medium containing the desired amount of Ars, or medium without Ars was added for mock-treated cells. For transfection experiments, the desired amount of Ars or the same volume of PBS (mock treated) was added dropwise onto the cells. Treatment with 1 M to 1.5 M hippuristanol (Hipp; kind gift of J. Pelletier, McGill University, Montreal, Canada) was performed as described for Ars. Heat stress was applied by incubating the cells at 44°C for 1 h.
CHX treatment. U2OS cells were infected with EBOV at an MOI of 1.5 TCID 50 units per cell. At 24 h p.i., cell supernatants were removed and replaced with DMEM supplemented with 2% FBS and or DMEM supplemented with 2% FBS and 0.5 mM Ars. After a 30-min incubation period at 37°C, supernatants were removed and replaced with medium containing either 100 g/ml of cycloheximide (CHX) or dimethyl sulfoxide (DMSO). Cells were incubated for 1 h at 37°C, washed once with PBS, and fixed with DMEM containing 4% PFA.
Western blot analysis. A total of 2 ϫ 10 5 HeLa cells were seeded in 10-cm dishes and infected either 24 h (harvested at 24 h p.i.) or 48 h (harvested at 1 and 6 h p.i.) after seeding at an MOI of approximately 5 to 10 or left uninfected. At the desired time points p.i., whole-cell extracts were prepared in 25 l of cell extraction buffer (Thermo Fisher Scientific) complemented with 1ϫ protease inhibitor mix (25ϫ Complete; Roche) and 1ϫ phosphatase inhibitor (100ϫ HALT phosphatase inhibitor cocktail; Thermo Scientific). Cellular proteins were detected using a rabbit anti-eIF2␣ phosphospecific antibody (Life Technologies; 44-728G), a mouse total eIF2␣ antibody (Biosource; AHO0802), or a rabbit lamin B antibody (Abcam; ab16048). Secondary antibodies were either donkey anti-mouse or donkey anti-rabbit IRD-680 or IRD-800 (LI-COR). Protein bands were quantified by using the Odyssey imaging system and software (LI-COR). Attempts to use U2OS cells for the Western blot analysis failed, as the low cell density leading to low protein amounts in combination with harsh inactivation procedures did not allow for reliable Western blot results using phosphospecific antibodies.
FISH. Fluorescence in situ hybridization (FISH) probes were designed using Stellaris FISH Probe Designer software from Biosearch Technologies. A total of 48 probes, each 20 nucleotides in length and labeled with Alexa Fluor 594 or Cy3, were used to target the EBOV NP mRNA sequence. U2OS cells were infected at an MOI of 1 as described in the section on IF above. Cells were fixed with 4% PFA for 48 h and stored in 70% ethanol at Ϫ20°C until usage. Cells were rehydrated in PBS and subsequently subjected to FISH alone or IF followed by FISH. Detection of RNA by FISH analysis was not affected by the additional IF step in this analysis. For IF, all reagents were supplied with 2 mM vanadyl ribonucleoside complex (VRC). For permeabilization and blocking, the IF protocol described above was used. Primary antibodies were incubated for 3 h and secondary antibodies for 2 h at room temperature. After antibody incubation, cells were treated with 3% PFA for 10 min at room temperature for postfixation and subjected to FISH. For FISH, cells were washed and rehydrated in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 10% formamide for 5 min. Hybridization was performed at 37°C overnight in 100 l of hybridization buffer (10% dextran sulfate, 2 mM VRC, 0.02% RNase-free BSA, 50 g of Escherichia coli tRNA, 2ϫ SSC, 10% formamide) containing labeled FISH probes targeting EBOV NP mRNA.
Click-iT metabolic labeling assay. For fluorescence-based detection of nascent proteins, the Click-iT L-homopropargylglycine (L-HPG) metabolic labeling system (Invitrogen) was used. U2OS cells were infected as described above. At 25 h p.i., cells were washed with D2-Met/Cys depletion medium (Sigma Gibco) and incubated in D2-Met/Cys depletion medium for 1 h. Cell supernatants were removed and replaced with D2-Met/ Cys depletion medium supplemented with 100 M Click-iT L-HPG or D2-Met/Cys depletion medium alone. After a 30-min incubation period at 37°C, cells were fixed with 4% PFA as described above, permeabilized with methanol for 15 min at Ϫ20°C, and blocked with 5% donkey serum for 1 h. The Click-iT reaction buffer containing Alexa Fluor 488 detection reagent was added for 30 min at room temperature, protected from light. The cells were washed with 5% donkey serum and then placed in PBS at 4°C until ready for further IF processing and imaging, which were performed as described above.
Transmission electron microscopy (TEM). Vero cells were infected with the Mayinga strain of EBOV at an MOI of 1. At 1 day p.i. cells were trypsinized and pelleted by a low-speed centrifugation step. The cell pellets were fixed in 4% paraformaldehyde in Hanks' solution for 24 h, washed three times in Hanks' solution, postfixed in 1% osmium tetraoxide, dehydrated in ethanol and acetone, and embedded in Epon-araldite. To perform ultrathin sectioning a diamond knife was used, with uranyl acetate and lead citrate used to contrast ultrathin sections. The samples were then analyzed with a JEM 1400 transmission electron microscope (JEOL) at 80 kV. All images were collected using a side-mounted Veleta digital camera (SIS). All reagents were obtained from SPI Supplies.
Imaging and processing. Confocal imaging was performed using a Zeiss 710 confocal microscope with a Plan-Apochromat primary objective (63ϫ; numerical aperture [NA], 1.4). All images were taken with a pinhole diameter set to an Airy unit of 1 and using multitrack scanning for each fluorophore to prevent bleed-through. Images were also acquired with a Zeiss Axiovert 200 M inverted microscope and a Plan-Apochromat primary objective (63ϫ; NA, 1.4). Image acquisition and processing software used includes the Zeiss software Zen (confocal microscope), Zeiss AxioVert (inverted microscope), and ImageJ.
Statistical analysis. For quantitative analysis of SG-containing cells, an unpaired two-sample t test was performed using GraphPad Prism version 5.04 for Windows (GraphPad Software, La Jolla, CA).
RESULTS
Stress granules do not form during EBOV infection.
To determine if SG formation is induced during EBOV infection, particularly at earlier time points, we analyzed the distribution of the SG marker protein eIF4G in EBOV-infected U2OS cells at different time points p.i. by immunofluorescence (IF) analysis. In uninfected cells, eIF4G was homogenously distributed in the cytoplasm at all time points examined, but it was redistributed into typical punctate SGs when sodium arsenite (Ars) was used to induce oxidative stress (Fig. 1) . In EBOV-infected cells at early time points p.i., eIF4G showed homogenous distribution in the cytoplasm and SGs were not observed. EBOV infection, visualized by staining for the nucleocapsid protein VP35, was detected only at 17 and 24 h p.i., when viral protein expression was high. At these late time points, VP35 was observed in viral inclusions, while eIF4G was homogenously distributed throughout the cytoplasm of infected cells. Examining the distribution of two other canonical SG proteins, TIA-1 and eIF3, confirmed that SGs were not present in EBOV-infected cells at any time point examined (data not shown).
SG proteins are sequestered within viral inclusions. Although eIF4G was homogenously distributed throughout the cytoplasm of infected cells, indicating that SGs do not form, it was found aggregated within the viral inclusions starting at 17 h p.i. (Fig. 1) . This aggregation was more pronounced at 24 h p.i., when viral inclusions were larger and more prominent ( Fig. 1 and 2A , panel i). Sequestration of SG proteins in EBOV inclusions at 24 h p.i. was also observed for other SG marker proteins, including eIF3, PABP ( Fig. 2A , panels ii and iii), and G3BP1 (data not shown). While a number of SG proteins were found aggregated within viral inclusions, the homogenous distribution of TIA-1 in both the nucleus and cytoplasm of EBOV-infected cells demonstrated that not every canonical SG protein was sequestered in viral inclusions. TIA-1 distribution looked similar to that observed in uninfected cells and showed little accumulation within viral inclusions ( Fig. 2A, panel iv) . This indicates that the SG-like granules in EBOV inclusions are different from fully formed canonical SGs and might represent a distinct species of protein granules.
We next determined if the detected SG marker proteins colocalize in discrete granules within the viral inclusions. IF analysis of infected cells revealed colocalization between eIF4G and eIF3 and between eIF4G and PABP, suggesting that these proteins are components of the same granules within the viral inclusions (Fig. 2B) . Using a U2OS cell line constitutively expressing G3BP1 fused to GFP (51), we also examined the colocalization of GFP-G3BP1 with eIF3 and showed that GFP-G3BP1 followed the same pattern of distribution as eIF3, PABP, and eIF4G (data not shown), confirming that the SG marker proteins observed within EBOV inclusions colocalized within the same granules.
SG proteins colocalize with viral RNA in the inclusions. We next examined whether individual nucleocapsid proteins were found within the inclusion-bound SG protein granules (IB granules) and did not observe colocalization between any of the nucleocapsid proteins examined (NP, VP35, VP30, and VP24) and the SG marker protein eIF3 ( Fig. 2A and C) . These data were confirmed by confocal optical sectioning analysis visualizing the distribution of eIF3 within the viral inclusions. The Z-stack analysis showed that eIF3 formed discrete granules that were clearly separated from the cytoplasm and were entirely encompassed by viral inclusion proteins (Fig. 2D) . Similar results were obtained using the U2OS-GFP-G3BP1 cell line (data not shown). Together, these results indicate that the nucleocapsid proteins fully encompass, but are excluded from, the SG protein aggregates within viral inclusions.
The driving force for inclusion formation is NP and when expressed in cells in the absence of other viral proteins, NP selfassembles, leading to the formation of inclusion-like structures. Interaction of NP with the other nucleocapsid proteins, either directly or via a linker protein, then redirects them into the inclusion-like structures (6, 8, 55) . To analyze if inclusion formation itself was sufficient to trigger the relocation of SG marker proteins into viral inclusions, U2OS cells were transfected with different combinations of plasmids expressing the EBOV nucleocapsid proteins NP, VP35, VP30, and VP24 (Fig. 2E) . Although inclusion formation was observed in cells expressing NP alone or NP in combination with the other nucleocapsid proteins, eIF4G was homogenously distributed in the cytoplasm and did not form granules within the inclusion-like structures (Fig. 2E) . These results indicate that inclusion formation itself does not induce the aggregation of SG proteins within inclusions.
Many proteins involved in SG formation are RNA-binding proteins important for mRNA stability and translation (56) . Because EBOV inclusions are the sites of viral RNA synthesis and contain viral RNA (10, 11), we next examined if viral mRNAs colocalized with the IB granules. To visualize the intracellular distribution of viral mRNAs during infection, we performed fluorescence in situ hybridization (FISH) using probes targeting the positive-sense NP mRNA, which is the most abundant viral mRNA (57) . While the probes employed also recognize the positive-sense antigenome RNA, this RNA species is much less abundant in infected cells than the viral mRNA (57, 58) . We therefore infer that the FISH probes predominantly bind to mRNA. At 6 h p.i., the NP mRNA was diffusely distributed throughout the cytoplasm of infected cells. At 24 h p.i., however, the NP mRNA accumulated within the inclusions, forming aggregates that resembled those observed for the sequestered SG marker proteins (Fig. 3A , white arrows). When infected cells were analyzed by IF followed by FISH, costaining of NP mRNA and eIF3 confirmed that the accumulated RNA colocalized with IB granules (Fig. 3B) . As a control, cells were stained with an antibody directed against tristetraprolin (TTP), an RNA-binding protein that is found in SGs induced by energy deprivation but is not a universal SG protein (59) . TTP did not accumulate in EBOV inclusions, nor did it colocalize with NP mRNA (Fig. 3C) . Together, these data suggest that viral RNA colocalizes with IB granules and may be involved in their formation. Inclusion-bound granules are distinct from canonical SGs. The IB granules were decisively larger and less symmetrical in shape than typical SGs and differed in their protein composition from canonical SGs, as shown by the lack of TIA-1 ( Fig. 2A) and TTP (Fig. 3C) , suggesting that these structures are distinct from canonical SGs. Other viruses, including chikungunya virus, Semliki Forest virus, and vaccinia virus, induce the formation of granules containing various SG components that are morphologically, structurally, or functionally different from canonical SGs (31, 33, 60, 61) . To further characterize the IB granules in EBOV-infected cells and determine potential differences from canonical SGs, we used cycloheximide (CHX), an inhibitor of protein synthesis known to block polysome disassembly and dissolve SGs. Canonical SGs disperse upon exposure to CHX, while some other virally induced SG-like aggregates do not (25, 61, 62) . EBOV-or mockinfected U2OS cells were treated with Ars to induce SG formation and then subsequently treated with CHX. In mock-infected cells treated with Ars, SGs completely disassembled upon CHX treatment (Fig. 4A) . When EBOV-infected cells were treated with CHX alone, the IB granules persisted and did not disassemble. Ars treatment of EBOV-infected cells led to the formation of cytoplasmic SGs, and IB granules disappeared from the inclusions (Fig. 4A,  ϩArs ϩDMSO) . While the cytoplasmic SGs in Ars-treated infected cells dissolved upon CHX treatment, the IB granules did not (Fig. 4A, ϩArs ϩCHX) , indicating that these granules are, indeed, different from canonical SGs and represent a unique accumulation of SG marker proteins within viral inclusions.
To further characterize the IB granules, we used a doxycyclineinducible U2OS cell line that allows overexpression of the SG inhibitory protein ubiquitin carboxyl-terminal hydrolase 10 (USP10), a deubiquitinating enzyme that binds to G3BP and can prevent SG formation by blocking G3BP aggregation (52, 63) . In the absence of doxycycline, the cells did not express enhanced GFP (eGFP)-USP10 and formed SGs when treated with Ars (Fig. 4B) . When these cells were treated with doxycycline to induce eGFP-USP10 overexpression and subsequently treated with Ars, SG formation did not occur, as expected (Fig. 4B , compare cells marked by white arrows to cells marked by yellow arrowheads). Overexpression of eGFP-USP10 had no discernible effect on EBOV replication or inclusion formation (data not shown). Interestingly, although SGs were unable to form in cells overexpressing eGFP-USP10, G3BP was still sequestered in viral inclusions in EBOVinfected, doxycycline-treated eGFP-USP10 cells (Fig. 4C) . This corroborates our findings that IB granules are distinct from canonical SGs.
Inclusion-bound granules do not block protein translation. Next we addressed the question of whether IB granules exert antiviral activity in EBOV-infected cells. SG-like granules that are distinct from SGs but have antiviral activity have been observed for various viruses, including poxviruses and influenza virus (19, 61, 62) . Formation of antiviral granules during vaccinia virus infection interferes with protein translation, leading to decreased viral titers (61, 62) . To determine if the IB granules blocked protein translation during EBOV infection, we examined nascent protein synthesis in EBOV-infected cells using Click-iT labeling technology to label newly synthesized proteins in EBOV-infected cells at 24 h p.i. Viral inclusions and SG marker proteins were visualized by co-IF analysis. While nascent proteins (green) were distributed throughout the cytoplasm in mock-infected cells, newly synthesized proteins accumulated in the viral inclusions in EBOV-infected cells despite the presence of SG proteins, suggesting that the IB granules are not detrimental to protein translation (Fig. 5A) . Transmission electron microscopy (TEM) analyses of EBOV-infected Vero cells showed that ribosomes were not present within viral inclusions but were found in close proximity (Fig.  5B, red arrowheads) . Regardless of the size or density of viral inclusions, ribosomes were never found interspersed with nucleocapsids (yellow arrows) or viral granular material (blue arrowheads), suggesting that the inclusions are not the sites of viral protein translation. Rather, translation of viral proteins likely occurs in close proximity to inclusions with the newly synthesized proteins then transported into viral inclusions.
EBOV does not efficiently block SG formation induced by various forms of exogenous stress. Because the IB granules did not negatively impact protein translation, we next investigated if their sequestration might play a more proviral role and prevent canonical SG formation in EBOV-infected cells. A number of viruses have been shown to not only avoid the induction of the cellular stress response but also actively prevent SG formation during infection (28, 64) . To examine if EBOV was able to block SG formation induced by oxidative stress, EBOV-infected U2OS cells were treated with Ars at different time points p.i. and analyzed by co-IF analysis using antibodies against VP35 and a panel of SG marker proteins. SG formation was observed in the cytoplasm of EBOV-infected, Ars-treated cells at all time points p.i. but was reduced at 24 h p.i. compared to that in uninfected cells treated with Ars and in EBOV-infected cells at earlier stages of infection ( Fig. 6A and B) . While the majority of EBOV-infected, Ars-treated cells formed cytoplasmic SGs at early time points p.i., eIF4G was homogenously distributed in a significant proportion of infected, Ars-treated cells at 24 h p.i. (Fig. 6B and C) . A quantitative analysis of cells containing canonical SGs showed that nearly 100% of the mock-infected, Ars-treated cells displayed typical punctate SGs, while there was a significant reduction in the number of SG-containing cells in EBOV-infected cells treated with Ars at 24 h p.i. (Fig. 6B) . In addition, the SGs in many infected, Ars-treated cells appeared more diffuse and less punctate than in Ars-treated, mock-infected cells (Fig. 6C) .
To determine if the sequestration of SG proteins within inclusions impaired cytoplasmic SG formation and accounted for the reduction in SGs observed late in infection, EBOV-infected U2OS cells that were left untreated or treated with Ars at 24 h p.i. were closely examined to determine if there was a correlation between the presence of IB granules and the absence of cytoplasmic SGs. As expected, eIF4G was sequestered in a majority of viral inclusions in EBOV-infected, untreated cells (Fig. 6D) . Surprisingly, EBOVinfected cells treated with Ars showed little to no aggregation of eIF4G within inclusions, and SGs could still form in the cytoplasm of most cells (Fig. 6D) . This shows that the sequestration of SG proteins within viral inclusions is not sufficient to prevent SG formation induced by cellular stress. It also indicates that inclusion-bound SG proteins are not rigidly restrained by viral components and may be released into the cytoplasm upon the induction of stress. Interestingly, when U2OS-GFP-G3BP1 cells were infected with EBOV and treated with Ars, GFP-G3BP1 remained clustered within viral inclusions even in cells that showed cytoplasmic SG formation (Fig. 6E) . The overexpression of GFP-G3BP1 in this cell line suggests that the availability of excess G3BP1 in the cytoplasm reduces the need for inclusion-bound G3BP1 when cellular stress is induced.
Similar to the case with Ars treatment, SG formation was induced in EBOV-infected U2OS-GFP-G3BP1 cells exposed to heat stress or hippuristanol (Hipp), and GFP-G3BP1 remained sequestered in viral inclusions (data not shown). Hipp induces SG formation independently of eIF2␣ phosphorylation by inhibiting the RNA helicase eIF4A and preventing 60S ribosomal subunit joining (65) . These data confirm that the sequestration of SG proteins within viral inclusions is not sufficient to fully prevent SG formation induced by multiple forms of cellular stress.
SG formation does not occur within viral inclusions. Despite the ability of the inclusion-bound SG proteins to respond to cytoplasmic stress, canonical SGs were not present within viral inclusions in EBOV-infected, Ars-treated cells (Fig. 7A) . Rather, we observed assorted distributions of SG marker proteins and viral inclusions. In a majority of cells, the viral inclusions were completely devoid of SG proteins but were surrounded by cytoplasmic SGs (Fig. 7A, panel i) . A significant number of EBOV-infected cells contained no SGs within either the cytoplasm or viral inclusions (Fig. 7A, panel ii) . SG-like aggregates were rarely found within large viral inclusions (Fig. 7A, panel iii) but were occasionally seen in very small viral inclusions (Fig. 7B, left set of images) . Although canonical SGs were predominately absent in large inclusions, they were often seen in close proximity to, or surrounded by, viral inclusions (Fig. 7B, middle set of images) . Late stages of EBOV infection are characterized by large, more diffuse inclusions that eventually disperse (11) . In these instances, SGs were often scattered throughout dispersing inclusions but did not colocalize with viral proteins (Fig. 7B, right set of images) . Based on these observations, we propose that while viral inclusions do not entirely insulate SG proteins from cytoplasmic stress signals, SG formation itself is prevented within inclusions.
VP35 is able to disrupt SG formation. To dissect the underlying mechanism(s) for the observed reduction in the number of SGs in EBOV-infected, Ars-treated cells at 24 h p.i. (Fig. 6) , we first analyzed if EBOV was able to block eIF2␣ phosphorylation triggered by oxidative stress. We performed Western blot analysis to examine the phosphorylation state of eIF2␣ in EBOV-infected cells that were treated with Ars or left untreated at both early and late time points p.i. Since high cell density can trigger eIF2␣ phosphorylation (66), we used subconfluent HeLa cells for this experiment. Ars treatment led to eIF2␣ phosphorylation in mock-infected as well as EBOV-infected HeLa cells at all time points examined, indicating that although EBOV is able to block PKR signaling and antagonize eIF2␣ phosphorylation (47, 49) , it is unable to prevent Ars-induced activation of the signaling pathways leading to SG formation (Fig. 8A) . eIF2␣ was not phosphorylated in EBOV-infected, untreated cells at any time examined, which corroborates our results showing that EBOV infection per se does not induce eIF2␣-triggered SG formation (Fig. 1) . Importantly, robust eIF2␣ phosphorylation was observed in EBOV-infected, Ars-treated cells at 24 h p.i., indicating that the observed impairment of SG formation cannot be attributed to the inhibition of eIF2␣ phosphorylation induced by oxidative stress. We therefore explored if EBOV was able to disrupt SG formation downstream of eIF2␣ phosphorylation.
Because SG formation was prevented within viral inclusions ( Fig. 6 and 7) , we analyzed whether any of the EBOV nucleocapsid proteins were able to interfere with the formation of SGs. EBOV NP, VP35, VP30, and VP24 were individually expressed in Huh7 cells or U2OS-GFP-G3BP1 cells. At 2 days posttransfection, the cells were treated with Ars or left untreated and examined by IF analysis for the impact of individual viral proteins on SG formation. Of the proteins tested, VP35 was found to disrupt the intracellular aggregation of SG proteins under conditions of oxidative stress. When U2OS-GFP-G3BP1 cells were transfected with a VP35 expression plasmid in the absence of Ars and examined by IF at 1 day posttransfection, VP35 showed a granular distribution in the cytoplasm, while GFP-G3BP1 was homogenously distributed (Fig. 8B, 1 d, left set of images) . At 2 days posttransfection, when VP35 expression levels were higher, VP35 accumulated in larger cytoplasmic aggregates, while GFP-G3BP1 remained homogenous but showed some areas of minor redistribution to VP35-dense areas (Fig. 8B, 2 d, left set of images) . VP35 expressed in smaller amounts at 1 day posttransfection was directed to SGs formed in U2OS-GFP-G3BP1 cells after Ars treatment. Higher magnification revealed that these SGs were surrounded by globular VP35-positive aggregates (Fig. 8B, 1 d, right set of images) . At 2 days posttransfection, VP35 was observed in irregularly shaped, large aggregates that colocalized with GFP-G3BP1 in Ars-treated cells. Canonical GFP-G3BP1-containing SGs were almost entirely absent in these VP35-positive cells (Fig. 8B, 2 d , right set of images). To examine if, indeed, the expression level of VP35 correlated with its ability to disrupt SG formation, Huh7 cells were transfected with either 0.5 g or 1.5 g of a VP35 expression plasmid and analyzed at 2 days posttransfection. When expressed at lower levels, VP35 colocalized with or was in close proximity to SGs in Ars-treated cells. While SGs could still form in these cells, they started to appear more diffuse and less punctate than those in Ars-treated cells lacking VP35 (Fig. 8D, VP35 [0.5 g], compare cells indicated by white arrow and yellow arrowhead). As also observed with GFP-G3BP1-expressing U2OS cells, SGs were frequently surrounded by small, globular VP35 aggregates. At higher expression levels, VP35 was found in patch-like structures in the cytoplasm of both untreated and Ars-treated cells (Fig. 8C and D) and SG formation was strongly impaired in the Ars-treated cells (Fig. 8D, VP35 [1.5 g] , compare cells indicated by white arrows and yellow arrowheads). Together, these data indicate that VP35 interacts with SGs and is able to disrupt SG formation when expressed at sufficiently high levels. To determine if VP35 was able to disrupt SG formation induced by other forms of stress, Huh7 cells were transfected with 0.5 or 1.5 g of a VP35 expression plasmid, and treated with 1.5 M Hipp at 2 days posttransfection. Similar to Ars-treated cells, in Hipp-treated cells expressing lower levels of VP35, VP35 formed clusters around eIF4G and showed some areas of colocalization (Fig. 8E, VP35 [0.5 g], insets). SGs were almost entirely absent from Hipp-treated cells transfected with 1.5 g of a VP35 expression plasmid (Fig. 8E, VP35 [1.5 g], insets) . Collectively, these data indicate that VP35 is able to disrupt SG formation induced by diverse forms of stress.
VP35 is able to disrupt SG formation in the presence of NP and prevents NP-driven inclusion formation. VP35 is not diffusely distributed in the cytoplasm of EBOV-infected cells but is directed into the viral inclusions via binding to NP-RNA complexes (67) . It has been reported previously that the ratio of NP to VP35 is crucial for NP-induced inclusion formation and that excess expression of VP35 prevents archetypal inclusion formation in cells coexpressing NP and VP35 (68) . To examine if VP35 was still able to disrupt SG formation in the presence of NP, Huh7 cells were transfected with NP and VP35 plasmid DNA in a 1:1 ratio and 2 days after transfection were treated with Ars or left untreated. As expected, VP35 was no longer diffusely distributed in the cytoplasm of untreated cells but was directed to NP-induced inclusions (Fig. 9A , left set of images, top row, compare to VP35 distribution in Fig. 8 ). Upon Ars treatment, VP35 remained bound to NP-induced inclusions and did not colocalize with eIF4G-containing SGs that formed in the cytoplasm (Fig. 9A , right set of images, top row). When NP concentrations were kept low but VP35 was expressed at 3-fold-larger amounts in excess of NP, inclusions were dispersed, confirming the previous observations by Noda and colleagues (68) (Fig. 9B, bottom rows) . In addition, SG formation was significantly reduced under these conditions ( Fig. 9A and B, bottom rows) . This might recapitulate the disruption in SG formation seen late in EBOV infection, when VP35 expression is high. In summary, our data provide strong evidence that VP35 interacts with SGs and plays a role in preventing SG formation late in infection when concentrations of VP35 are high. Double-stranded RNA binding is not required for VP35's ability to disrupt SG formation. Previous extensive mutational analyses of VP35 have shown that residues R305, K309, and R312 within the interferon inhibitory domain (IID) are essential for its ability to bind dsRNA and block antiviral host responses but have minor effects on its polymerase cofactor functions (38, 41, 45, 48) . To determine if dsRNA binding is also important for VP35's capacity to disrupt SG formation, we used the previously described VP35-3A mutant (48) , in which the three basic amino acids at positions 305, 309, and 312 are replaced with alanine. U2OS cells were transfected with 0.5 g or 1 g of a VP35-3A expression plasmid and at 2 days posttransfection treated with Ars or left untreated. In the absence of Ars, VP35-3A was homogenously distributed in the cytoplasm when transfected at a low level (0.5 g) and more aggregated at a higher expression level (1 g), similar to the wild type (Fig. 10A, left set of images) . When cells transfected with 0.5 g of VP35-3A plasmid were subsequently treated with Ars, although SGs could still form in these cells, VP35-3A often colocalized with or formed aggregates around SGs (Fig. 10A , compare white arrows to yellow arrowheads). Furthermore, SGs appeared more diffuse and less punctate than those in Ars-treated cells lacking VP35. In cells transfected with a larger amount (1 g) of VP35-3A plasmid, VP35-3A protein did not colocalize with eIF4G upon Ars treatment, and there was a clear reduction in SG formation (Fig. 10A , middle rows, compare yellow arrowheads to blue arrows). When coexpressed in a 1:2 ratio with NP, VP35-3A colocalized with NP inclusions, indicating that NP binding was not disrupted by the mutation (Fig. 10B) . Furthermore, when NP and VP35-3A expression plasmids were cotransfected at a 1:5 ratio, NP inclusions began to disperse and resembled those disrupted by wild-type VP35. Taken together, these data suggest that VP35-3A behaved similarly to wild-type VP35, indicating that dsRNA binding is not required for VP35's function to disrupt SGs or NP-based viral inclusions.
DISCUSSION
The increasing number of viruses shown to disrupt or evade SG formation during infection has led to the recognition of the cellular stress response as an important antiviral mechanism. In this study, we showed that EBOV infection does not induce SG formation at any time point p.i. In line with this observation, we also showed that phosphorylation of eIF2␣, a common trigger of SG formation (21), does not occur in EBOV-infected cells during the course of infection. Despite the ability to inhibit PKR-induced eIF2␣ phosphorylation (47-49), EBOV did not antagonize phosphorylation of eIF2␣ or block the induction of SGs when exposed to Ars-induced oxidative stress, which leads to the activation of HRI (69, 70) . Furthermore, EBOV was unable to prevent SG formation after exposure to heat stress, which induces SGs via HRI activation, or Hipp treatment, which acts downstream of eIF2␣ phosphorylation (65, 71) . This suggests that EBOV is unable to antagonize an antiviral stress response mediated by stress sensors apart from PKR. In line with this result is a previous study showing that EBOV replication was significantly reduced after treatment with the stress inducer thapsigargin (72) .
A majority of EBOV-infected cells exposed to exogenous stress formed canonical SGs early, but SG formation was significantly decreased late in infection. Although it cannot be ruled out that homeostatic cellular processes required for proper SG formation are compromised at late stages of infection, we propose that the observed impairment of SG formation occurs downstream of eIF2␣ phosphorylation and is mediated by a newly identified function of VP35. Blocking SG formation downstream of eIF2␣ has been shown for influenza A virus (IAV), mediated by the viral proteins NP and PA-X (73). Similar to VP35, IAV NP was found to disrupt SG formation when expressed in the absence of other viral proteins (73) . Our data suggest that VP35 is able to disrupt SG formation by physically interfering with SG protein aggregation. This function is independent of the ability of VP35 to interact with dsRNA. It is conceivable that VP35 interacts with an unidentified SG component that then recruits VP35 to SGs upon stress. Subsequently, when VP35 is present at high enough levels, it might prevent the oligomerization of its binding partner or inhibit binding of other SG components. A number of host proteins with known localization to SGs have been shown to bind VP35, including DRBP76 and various members of the heterogeneous nuclear ribonucleoprotein (hnRNP) protein family (74, 75) . In line with previous reports, our data show that VP35 is also able to disrupt NP-mediated inclusion formation when expressed at large amounts (68) . Similar to the SG nucleating proteins, NP is the assembly factor of RNA-protein aggregates, the viral inclusions, and serves as a hub for the recruitment of other viral proteins, including VP35 (6, 76) . The disruption in inclusion formation by VP35 might be related to a recently identified intrinsically disordered region within VP35, which mediates binding to monomeric NP and interferes with NP self-aggregation (77, 78) . It is conceivable that through this type of interaction, high levels of VP35 interfere with the nucleation of SGs, possibly through competitive binding, in a manner similar to its disruption of NP-based inclusion formation.
Although SGs were not induced by EBOV infection, numerous SG proteins were sequestered exclusively within viral inclusions late in infection. However, these IB granules were not canonical SGs. Other viruses, including chikungunya virus, vaccinia virus, Semliki Forest virus, and vesicular stomatitis virus, have been shown to redistribute SG-associated proteins into distinct cytoplasmic aggregates with altered protein composition or function compared to those of canonical SGs (31, 33, 60Ϫ62, 79) . The IB granules we observed during EBOV infection were devoid of the canonical SG marker protein TIA-1 and, similar to the antiviral granules observed in vaccinia virus infection and the proviral G3BP aggregates induced by chikungunya virus, did not dissolve upon CHX treatment (33, 61, 62, 79) . CHX-mediated dissolution of SGs is driven by the stabilization of polysomes, indicating that SG formation requires a pool of free messenger ribonucleoprotein (mRNP) complexes (25) . The resistance of IB granules to CHX treatment suggests that these aggregates are composed of translationally silent (viral) mRNAs in complex with mRNA-binding proteins. Furthermore, the inhibition of SG formation by overexpression of USP10 had no effect on the aggregation of G3BP within inclusions, indicating that SG formation itself is not required for the sequestration of SG proteins within inclusions.
The IB granules did not impair the accumulation of newly synthesized proteins within inclusions, indicating that they are not detrimental to viral protein translation. This observation, in conjunction with the ability of EBOV to grow to very high titers despite the presence SG proteins within inclusions, indicates that the IB granules are not antiviral and might even be proviral.
While EBOV nucleocapsid proteins in viral inclusions did not colocalize with any of the SG proteins examined, the accumulated SG proteins, specifically eIF3, colocalized with viral NP mRNA (and viral antigenomes) within the inclusions. TEM analysis showed that ribosomes were not found within viral inclusions, indicating that they are not sites of viral protein translation, which most likely occurs in very close proximity to viral inclusions. This led us to speculate that a potential function of these SG proteins within the inclusions, many of which are translation initiation factors, may be to prepare viral mRNAs for translation. It is also conceivable that binding of the SG proteins to the accumulated viral RNA within EBOV inclusions at late stages of infection prevents dsRNA formation. Since the viral inclusions are the sites for replication and transcription, they contain both positive-and negative-sense RNAs, enabling dsRNA formation, especially at late stages of infection, when the amount of replicated and transcribed viral RNA is high. However, we did not detect any signs of dsRNA within the viral inclusions using an antibody directed against dsRNA (data not shown). This strengthens the hypothesis that covering the viral mRNA with cellular RNA-binding proteins might help to prevent dsRNA formation with nonencapsidated negative-sense RNA, thereby evading the cellular dsRNA sensing machinery.
The presence of cellular proteins within viral inclusions may be a common proviral mechanism among those viruses that form cytoplasmic inclusion bodies. Marburg virus (MARV), another member of the filovirus family, recruits components of the endosomal complex required for transport (ESCRT) machinery to viral inclusions to enhance budding (80) . The sequestration of cellular proteins within viral inclusions, including HuR and proteins involved in antiviral signaling, was also observed in respiratory syncytial virus (RSV) infection and dampened the antiviral host response (81) (82) (83) . This supports the hypothesis that the sequestration of certain cellular proteins within viral inclusions promotes viral infection by disrupting antiviral signaling pathways.
Even though the sequestered SG proteins still responded to stress signals despite being subverted into viral inclusions, SGs did not form within inclusions themselves, suggesting that viral inclusions provide an environment that is resistant to SG formation. We hypothesize that this may in part be mediated by the disruption in SG formation observed with high expression levels of VP35. Inclusions are rich in VP35 and therefore might prevent canonical SG formation despite the abundance of many canonical SG components.
In summary, our data show that EBOV does not induce SG formation during the course of infection but does sequester many SG proteins within viral inclusions, which we propose contributes to the proviral environment created by viral inclusions. Furthermore, the absence of canonical SGs in inclusions may in part be mediated by a newly identified function of VP35, which we showed was able to disrupt cytoplasmic SG formation independently of eIF2␣ phosphorylation. The sequestration of SG proteins in EBOV inclusions leaves many open questions: Which mechanisms are used to selectively transport SG proteins into inclusions? Are cellular mRNAs bound to SG proteins sequestered in viral inclusions? Do IB granules affect EBOV infection? We feel that this is an exciting and novel research area worth pursuing in the future.
